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Background: DNA replication and mitosis are triggered
by activation of kinase complexes, each made up of a
cyclin and a cyclin-dependent kinase (Cdk). It had seemed
possible that the association of Cdks with different classes
of cyclins specifies whether S phase (replication) or M
phase (mitosis) will occur. The recent finding that individ-
ual B-type cyclins (encoded by the genes CLBI-CLB6)
can have functions in both processes in the budding yeast
Saccharomyces cerevisiae casts doubt on this notion.
Results: S. cerevisiae strains lacking Clbl-Clb4 undergo
DNA replication once but fail to enter mitosis. We have
isolated mutations in two genes, SIM1 and SIM2 (SIM2 is
identical to SEC72), which allow such cells to undergo an
extra round of DNA replication without mitosis. The
Clb5 kinase, which promotes S phase, remains active dur-
ing the G2-phase arrest of cells of the parental strain, but its
activity declines rapidly in sim mutants. Increased expres-
sion of the CLB5 gene prevents re-replication. Thus, a
cyclin B-kinase that promotes DNA replication in G1-
phase cells can prevent re-replication in G2-phase cells.
Inactivation of Clb kinases by expression of the specific
Clb-Cdkl inhibitor p40SICI is sufficient to induce a pre-
replicative state at origins of replication in cells blocked in
G2/M phase by nocodazole. Re-activation of Clb-Cdkl
kinases induces a second round of DNA replication.
Conclusions: We propose that S-phase-promoting
cyclin B-Cdk complexes prevent re-replication during S,
G2 and M phases by inhibiting the transition of replica-
tion origins to a pre-replicative state. This model can
explain both why origins 'fire' only once per S phase and
why S phase is dependent on completion of the preceding
M phase.
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Background
DNA replication in eukaryotic cells is confined to a dis-
crete period of the cell cycle called S phase. There are
three important aspects to the control of S phase in a pro-
liferating cell: first, its initiation depends on the cell reach-
ing a critical size; second, every sequence in the genome
is replicated once and only once; and third, DNA replica-
tion does not recur until chromosomes have been segre-
gated during mitosis. In prokaryotes, DNA replication is
initiated from a single origin, firing of which causes the
whole genome to be replicated. In eukaryotes, DNA
replication is initiated from multiple origins; in order for
the whole genome to be replicated equally, no origin can
be allowed to fire more than once per cell cycle. This feat
is complicated by the fact that origins fire at different
times during S phase [1]; 'early' origins do not refire
when 'late' origins are active, towards the end of S phase.
The dependence of DNA replication on the completion
of the previous mitosis ensures that the ploidy of prolifer-
ating cells remains constant. It may also be important in
ensuring that sister chromatids derived from the same S
phase are attached to opposite poles of the mitotic spindle.
The firing of origins once per S phase, and the depen-
dency of S phase on completion of M phase, could in
principle be achieved by two unrelated mechanisms. We
provide evidence here for a model in which these two
controls are based on a common mechanism.
Cell-fusion experiments suggested that S and M phases
might be triggered by the appearance of S- and M-
phase-promoting factors (SPF and MPF) during late G1
and late G2 phases, respectively [2]. A variety of physio-
logical and genetic data suggest that SPF and MPF corre-
spond to a group of protein kinases whose activity
depends on unstable regulatory subunits called cyclins
[3]. The activities of S- and M-phase-specific cyclin-
dependent kinases (Cdks) oscillate in phase with the
onset of DNA replication and mitosis, respectively. Fur-
thermore, neither S nor M phase occurs in the absence
of the appropriate Cdk, and the timing of each event can
be advanced by premature Cdk activation. There is great
variety in the mechanisms by which different Cdks can
be regulated, including variations in cyclin gene trans-
cription, modulation of inhibitory proteins, phosphory-
lation of Cdk subunits, and proteolysis of cycins. One
seemingly conserved means of regulation is the sudden
proteolysis during anaphase of 'mitotic' cycins, which is
necessary for exit from mitosis [4]. In fungi, a single
kinase subunit Cdkl (known as Cdc28 in Saccharomyces
cerevisiae and Cdc2 in Schizosaccharomyces pombe) is essential
for both S and M phases [5-7].
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In S. cerevisiae, cyclins can be divided into two groups on
the basis of sequence. The Gl-specific Clnl, Cln2 and
Cln3 cyclins, together with Cdkl, are required for DNA
replication, budding and duplication of the spindle pole
body [8]. These processes are initiated once a cell has
passed a regulatory point called Start. Hyper-active alleles
of CLN2 and CLN3 cause entry into S phase at a
reduced cell size, indicating that Cln-Cdkl kinases pro-
mote S phase [9,10]. Cyclins of a second group, consist-
ing of the four B-type cyclins, Clbl-Clb4, are required
for entry into mitosis [6,11-13]. Until recently, it
appeared that different cyclin-Cdk complexes trigger S
and M phases: it was thought that Cdkl associates with
Clns to promote S phase and with Clbs to promote M
phase. In mammalian cells, cyclin D-Cdk4 and cyclin
E-Cdk2 complexes are involved in promoting S phase,
whereas cyclin B-Cdkl triggers M phase [14].
This tidy picture was jolted by the discovery of two addi-
tional B-type cyclins, Clb5 and Clb6, in S. cerevisiae
[15-17]. Deletion of the CLB5 and CLB6 genes delays
the onset of S phase, whereas premature activation of
Clb5-Cdkl kinase in G1 cells advances DNA replication
[18]. Cells in which all six B-type cyclins have been inac-
tivated fail to enter S phase [18]. This suggests that
Clbl-Clb4 assume the function of Clb5 and Clb6 in
their absence, and that one role of Cln-Cdkl kinases in
triggering S phase is to activate Clb-Cdkl kinases. Strik-
ingly, expression of the mitotic cyclin CLB2 in cells
deprived of Clnl, Cln2 and Cln3 causes DNA replica-
tion and, only subsequently, mitosis [19]. Thus, B-type
cyclins like Clb2, whose function was thought to be con-
cerned with promoting M phase, also have the potential
to promote S phase. Likewise, B-type cyclins like Clb5,
whose normal function is to promote S phase, can
assume roles in promoting the formation of mitotic spin-
dles. For example, Clb5 becomes essential for mitosis in
clb3 clb4 double mutants [16].
These findings have important implications for the
mechanism by which cells decide whether to undergo S
or M phase. It had seemed possible that the ordered acti-
vation of S- and M-phase-specific Cdks determined both
the timing and the order of S and M phases. But the
observation that B-type cyclins can have both S- and M-
phase-promoting activities suggests that something other
than the type of Cdk must determine whether S or M
phase will occur, at least in yeast. This conclusion is con-
sistent with the results of cell-fusion experiments, which
had shown that in fusions between S and G1 or G2 cells,
G1 but not G2 nuclei could be induced to enter S phase
prematurely [2]. Thus, S-phase-promoting activities
(Cdks) induce G1l-phase nuclei, but not G2-phase nuclei,
to enter S phase.
The state of the DNA replication origins might be
important in explaining the different responses of G1 and
G2 nuclei. In S. cerevisiae, a 200 base-pair DNA
sequence, containing a core consensus sequence called A
and flanking sequences B1, B2 and B3, is sufficient for
origin function [20]. A 250 kDa protein complex called
the origin recognition complex (ORC) binds to
sequences A and B1, whereas a separate protein, Abfl,
binds to the B3 element [21,22]. Genomic footprinting
in vivo shows that both ORC and Abfl are bound to ori-
gins throughout the cell cycle [23]. The structure of the
neighbouring chromatin, however, differs between cells
in G1 and cells in G2: ORC binding causes neighbour-
ing sequences to become hypersensitive to DNAase I;
this ORC-dependent DNAase I hypersensitive site is
present from the beginning of S phase until anaphase, but
the genomic footprint is extended and the hypersensitive
site disappears as cells exit from mitosis and enter G1.
These data suggest that an additional factor binds adja-
cent to ORC during G1 phase to form a pre-replicative
complex. Formation of this complex at the end of mito-
sis depends on Cdc6, a protein required for the initiation
of DNA replication ([24,25] and J.H. Cocker, S. Piatti,
C. Sautsconale, K.A.N. and J.FX.D., unpublished obser-
vations). The pre-replicative complex therefore appears
to be required for the initiation of DNA replication and
not merely for preventing initiation from occurring pre-
maturely. The absence of pre-replicative complexes from
G2 cells might explain why S-phase-promoting Cdks
cannot trigger DNA replication in cells in G2.
To analyse what prevents DNA replication from occur-
ring in G2-phase cells, we isolated mutations that allow a
G2 cell to re-replicate its DNA without undergoing
mitosis. A strain deleted for CLB1, CLB3 and CLB4
and carrying a temperature-sensitive allele of CLB2
(henceforth referred to as clbl-4ts) undergoes DNA
replication once but then fails to enter M phase at the
restrictive temperature [26]. We identified mutations in
two genes, SIM1 and SIM2, which allow the clbl-4tS
strain to undergo two rounds of DNA replication in the
absence of an intervening mitosis. We noticed that
Clb5-Cdkl kinase activity remained high in the parental
clbl
- 4 ts strain at the restrictive temperature but rapidly
decreased in the sim mutants. This decrease in
Clb5-Cdkl kinase activity is most likely to be the cause
of re-replication, because increased CLB5 gene expres-
sion prevented it. Thus, Clb-Cdkl kinases not only pro-
mote S phase in G1 cells but also prevent re-replication
in G2 cells. We propose that Clb-Cdkl kinases both
facilitate the transition of pre-replicative complexes into
replication forks and, simultaneously, inhibit the forma-
tion of new pre-replicative complexes. Consistent with
this model, inactivation of Clb-Cdkl kinases by over-
production of the Clb-Cdkl kinase inhibitor p40SIC is
sufficient to induce formation of pre-replicative com-
plexes in cells blocked in G2/M phase by nocodazole.
Furthermore, re-activation of the Clb-Cdkl kinases
induces a second complete round of DNA replication.
The isolation of S. pombe mutants has pinpointed a role
for M-phase-promoting Cdks in preventing re-replica-
tion in G2 [27,28]. Our results show that S-phase-pro-
moting Cdks perform the same function, suggesting a
mechanism for preventing the firing of origins more
than once per cell cycle.
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Results
Isolation of re-replicating mutants
The S. cerevisiae strain clbl-4 s, which is deleted for the
M-phase-promoting CLB1, CLB3 and CLB4 genes and
carries a temperature-sensitive allele of CLB2, replicates
DNA once at the restrictive temperature (37 C) but fails
to build a mitotic spindle and arrests indefinitely in a G2-
like state (Fig. la) [26]. We first asked whether the failure
of these cells to re-replicate could be due to a lack of S-
phase-promoting activity. Cln2-Cdkl kinase activity is
high in a clbl-4tS mutant [26], but this kinase merely pro-
motes DNA replication by activating Clb5- and
Clb6-Cdkl kinases [18]. We therefore tested whether
Clb5-Cdkl kinase remains active during the G2-phase
arrest of the clbl-4t strain. Figure 2a shows that
Clb5-Cdkl kinase remains active for at least 8 hours after
shift to 37 C. As shown previously, the level of CLB5
mRNA decreased about two-fold after shift to the
restrictive temperature ([26] and data not shown).
To address the issue of why G2-arrested clbl-41t cells fail
to replicate their DNA despite the presence of S-phase-
promoting Cdks such as Clb5-Cdkl, we designed an
assay for mutants capable of an extra round of replication
at 37 C (see Materials and methods). Briefly, we intro-
duced seven copies of the thymidine kinase gene from
herpes simplex virus under the control of the yeast GPD
promoter (GPD-Tk constructs) into the genome of the
clbl
-4tS strain. This allowed the incorporation of 5-bro-
modeoxyuridine (BrdU) into replicating DNA (data not
shown), enabling us to monitor ongoing DNA replica-
tion. We used rho0 cells (lacking mitochondrial DNA) to
exclude labeling of mitochondrial DNA. A clbl-4ts
GPD-Tk rho0 strain was mutagenized and plated at the
permissive temperature (25 C). Colonies were replica-
plated onto nitrocellulose filters and incubated for 5 hours
at 37 C, during which time the clbl-45 cells completed
one round of DNA replication and then arrested in a G2-
like state. The filters were then transferred to plates con-
taining BrdU and incubated for a further 4 hours at
37 C. Only mutants that continued to replicate DNA
during the second incubation at 37 C were able to
incorporate BrdU. Cells were then assayed for BrdU
incorporation using a newly developed BrdU filter assay.
Out of 300 000 mutagenized clones, we isolated 25
mutants capable of a second round of DNA replication
without an intervening mitosis (see Materials and meth-
ods for details). The clbl - 4s rho0 cells arrest uniformly
with 2N (G2-phase) DNA content and a single round-
shaped bud at 37 C. By contrast, 35-50 % of the mutant
cells accumulated DNA to a 4N level (Fig. la). Surpris-
ingly, in all the mutants a similar fraction of cells that re-
replicated formed a second bud (Fig. lb). Because the
mutants both re-bud and re-replicate, they seem to be
capable of re-starting the cell cycle from their G2 arrest
point. All mutant cells contained a single undivided
nucleus (Fig. 1c) and formed much more elongated buds
than did the parent (Fig. lb).
Two mutants were semi-dominant and 23 were recessive.
The recessive mutants fell into three complementation
groups designated sim 1, sim2 and sim3 (for 'start indepen-
dent of mitosis'). There were 21 mutants in the siml
complementation group and one mutant each in the sim2
and sim3 complementation groups. The phenotype of
the sim3 mutant was caused by two unlinked mutations,
so we concentrated on analysis of the siml and sim2
mutants.
The re-replication and re-budding phenotypes co-segre-
gated in 16 and 11 tetrads derived from crosses between
the parental clbl-4 ts strain and siml-433 and sim2-286
mutants, respectively, showing that these phenotypes are
tightly linked. A severe growth defect also co-segregated
with these phenotypes in sim2 mutants. Gene cloning
showed that SIMI is a novel gene encoding a putative
protein of 475 amino acids and corresponds to open
reading frame YI8277.06 (GenBank accession number
z46833). Database searches revealed that a stretch of 258
amino acids at its carboxy-terminal end are 67 % and
66 % identical to the carboxyl termini of Nca3 [29] and a
Fig. 1. Phenotype of sim mutants. The parental strain (SIM1,2;
K4804, MATa cbl1 cb2ts clb3::TRP1 clb4::HIS3, hereafter
referred to as clbl-4s, rho0), and congenic siml-433 (K5411)
and sim2-286 (K4805) mutant strains were grown to exponential
phase at 23 C and then incubated for 7.5 h at 37 C. (a) DNA
content (200 = 2N). Cellular morphology is shown by (b)
Nomarski optics or (c) DNA staining with DAPI.
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Fig. 2. Clb5-Cdkl kinase activity
rapidly decreases in sim mutants. The
parental strain (SIM1,2, K4804 clbl-4 ts
rho0), and congenic siml::LEU2
(K4907) and sim2::LEU2 (K4803) strains
were grown to exponential phase at
23 C and then shifted to 37 C. Sam-
ples were taken at hourly intervals for 8
h (cyc.: cycling culture). (a) Clb5-Cdkl
kinase activity was measured using his-
tone H1 as a substrate. (b) Anti-Clb5
antiserum specifically immunoprecipi-
tates Clb5-Cdkl kinase activity. Extracts
were prepared from wild-type (K699),
clb5::URA3 (K3095) and cdc28-4
(K1990) strains. Clb5 was immunopre-
cipitated and the associated kinase
activity was measured using histone H1
as a substrate. (preimmune: preimmune
serum was added to extract from wild-
type strain). (c) Quantification of his-
tone H1 kinase activity in (a); (d)
percentage of cells with 4N DNA con-
tent for parental strain and siml::LEU2.
putative protein encoded by the open reading frame
YKR042w (GenBank accession number: z28267),
respectively. SIM2 is allelic to SEC72 [30] (see Discus-
sion). Neither SIM1 nor SIM2 is essential for viability;
null mutants of SIM1 and SIM2 created by gene disrup-
tion gave rise to the same phenotypes as the originally
isolated mutants in a clbl-4tS background (data not
shown). The re-replication and re-budding phenotypes
of a double siml sim2 clbl
- 4 'S mutant were similar to
those in the single mutants (data not shown).
Clb5-Cdkl kinase activity decreases rapidly in sim mutants
What is the defect in siml 1 and sim2 mutants that causes
re-replication and re-budding in the clbl-4 tS strain? The
observation that all sim mutants re-replicated and re-
budded suggests that these two events have a common
mechanism. A cell depleted for all six B-type cyclins
forms multiple buds, whereas a clbl-4's strain buds only
once [18,26]. The activities of Clb5 and Clb6 therefore
prevent multiple budding in the clbl-4ts strain. This
suggests that the re-budding of sim clbl-4's mutants
could be due to a reduction in Clb5- and Clb6-Cdkl
kinase activities. To test this idea, antiserum which
specifically immunoprecipitated Clb5-Cdkl kinase
activity was raised (Fig. 2b). We compared the activity of
Clb5-Cdkl kinase in clbl-4ts and sim clbl-4S strains
after a shift to the restrictive temperature. Strains mutant
for sim I or sim2 or neither had similar levels of
Clb5-Cdkl kinase activity at 25 °C (Fig. 2a). The tem-
perature shift caused a transient increase in the number
of G1 cells in all three strains (data not shown). G1 cells
are known to express the Clb-Cdkl inhibitor p40SICi;
the transient decrease in Clb5-Cdkl kinase activity is
therefore most likely to be due to the presence of
p40s IC' in the kinase assay. After recovery from the
temperature shift, Clb5-Cdkl kinase activity stayed high
in the parental clb -4 ts strain but declined rapidly in sim 1
and sim2 mutants. The onset of this decline paralleled
the initiation of the second round of DNA replication
(Figs 2c,d).
Increased CLB5 gene expression inhibits re-replication
To address whether the loss of Clb5-Cdkl kinase activity
in sim 1 and sim2 mutants was necessary for them to re-
replicate their DNA, we analysed the effect of increased
CLB5 gene dosage. A multicopy plasmid containing
CLB5 had no effect on the G2-phase arrest of clbl-4 t s
cells, but it reduced the proportion of sim 1 and sim2 cells
that re-replicated and re-budded (Fig. 3a and data not
shown). Re-replication was more completely inhibited in
the sim 1 mutant when high levels of CLB5 transcription
were induced from the GALl promoter (Fig. 3b). The
behaviour of the sim mutants suggests that Clb5-Cdkl
kinase activity could be important in preventing re-repli-
cation and re-budding during the G2-phase arrest of
clb 1-4 t s cells.
Clb-Cdkl kinases prevent the formation of pre-replicative
complexes
Our observation that the Clb5-Cdkl kinase can have a
role in preventing re-replication in G2 cells is striking,
because previous work has shown that, in G1 cells, Clb5
actually promotes DNA replication [18]. This apparent
paradox can be resolved if we suppose that Clb5 promotes
replication only in G1 cells and prevents re-replication
only in G2 cells. However, neither function is essential:
DNA replication is only delayed in clb5 clb6 double
mutants [16] and does not recur when they are arrested in
G2/M phase by nocodazole [31]. Clbl-Clb4 assume the
S-phase-promoting function of Clb5 and Clb6 in clb5 cb6
double mutants, and it is plausible to suppose that they
also have a role in preventing re-replication during G2
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and M phases. Indeed, S. pombe mutants lacking the
mitotic B-type cyclin cdc13+ undergo endoreduplication
cycles [28].
hypersensitive site characteristic of G2 cells is present in
nocodazole-arrested cells; induction of SIC1 caused a
decline in the DNAase I hypersensitivity, indicating that
How could the same Clb-Cdkl kinases promote DNA
replication in G1 cells and prevent re-replication in G2
cells? Likely targets for the Clb-Cdkl kinases are proteins
bound to replication origins. ORC is bound to origins
throughout the cell cycle [23], and the in vitro footprint
of this complex is similar to that seen in G2/M cells by in
vivo footprinting. This 'post-replicative state' of origins is
characterized by a DNAase I hypersensitive site, which is
induced in neighbouring sequences by ORC binding. As
cells exit from mitosis and enter G1, the footprint is
extended and the DNAase I hypersensitive site disap-
pears. These data suggest that both ORC and an addi-
tional factor are bound to origins during G1 phase.
The formation and maintenance of the pre-replicative
complex in G1 depends on Cdc6, a protein required for
DNA replication ([24,25] and J.H. Cocker, S. Piatti, C.
Sautsconale, K.A.N. and J.E.X.D., unpublished obser-
vations). It has therefore been proposed that initiation of
DNA replication involves two steps: the formation of
pre-replicative complexes at origins in early G1, followed
by the activation of S-phase-promoting Cdks in late G1.
The dual role of Clb-Cdkl kinases could be explained if
we suppose that activation of the kinases in late G1 both
promotes the transition of pre-replicative complexes into
replication forks and, simultaneously, inhibits de novo
assembly of pre-replicative complexes. According to this
model, Clb-dependent kinases prevent re-replication dur-
ing G2 because they hinder the formation of pre-replica-
tive complexes. Two lines of evidence are consistent with
this idea. First, the appearance of pre-replicative com-
plexes around anaphase coincides with the loss of
Clb-Cdkl kinase activity [23,32]. Second, loss of
Clb5-Cdkl kinase in siml and sim2 mutants allows a
second round of DNA replication in the clb 1-4t strain.
To test the hypothesis that Clb-Cdkl kinase activities
inhibit formation of pre-replicative complexes, we
analysed the consequences of inhibiting Clb-Cdkl
kinases in G2- or M-phase cells. We first established that
expression of the Clb-Cdkl-specific inhibitor p40SIC 1,
destruction of which is required for entry into S phase,
can inhibit Clb-Cdkl kinases in G2/M-phase cells
[18,33]. Five copies of SIC1 under the control of the
galactose-inducible GALI promoter (GAL-SIC1) were
introduced into a wild-type strain. High levels of SIC1
transcription were induced by addition of galactose after
cells had first been arrested in G2/M phase by addition of
nocodazole. Both Clb2-Cdkl and Clb5-Cdkl kinase
activities were greatly reduced within 40 minutes of
induction (Fig. 4b). Because of the instability of p40SIC 1
in nocodazole-arrested cells (E. Schwob, personal com-
munication), high levels of SIC1 transcription are
required in order to inhibit Clb-Cdkl kinases. We
analysed the chromatin state of the replication origin of
the 2 plasmid by genomic footprinting. The DNAase I
YEp
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Fig. 3. Overexpression of CLB5 inhibits re-replication. (a) The
parental strain (SIMI, K4804, cbl-4ts rho0) and congenic
siml-433 (K5411) and sim2-286 (K4805) mutant strains were
transformed with vector (YEp, YEplac181) or CLB5 on a multi-
copy plasmid (YEp-CLB5, C2883). Transformants were grown to
exponential phase at 23 C and then shifted to 37 C for 7.5 h.
(b) The parental strain and congenic siml::LEU2 (K4907),
GAL1-CLB5 (K5674), and siml::LEU2 GAL1-CLB5 (K5486)
strains were grown in YEPR at 25 C to exponential phase. CLB5
expression from the GAL 1 promoter was induced by addition of
galactose to 2 %. Cultures were shifted 1 h later to 37 C for 9 h.
The DNA content is shown (200 = 2N) for each. The Clb5-Cdkl
kinase activity 6 h after shift to 37 C was about 10 times higher
in the siml clbl-4ts GAL 1-CLB5 strain than in the SIMI cbl-4ts
strain lacking GAL 1-CLB5 (data not shown).
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it caused the formation of pre-replicative complexes
(Fig. 5). The DNAase I hypersensitive site remained
unchanged in the control cells lacking the GAL-SICI
construct (data not shown). Inhibition of Clb-Cdkl
kinases is therefore sufficient to induce pre-replicative
complexes in nocodazole-arrested cells. Induction of
GAL-SIC1 for 120 minutes failed to cause re-replica-
tion, despite the formation of pre-replicative complexes
by 40 minutes [31].
Transient inhibition of Clb-Cdkl kinases causes
re-replication in nocodazole-arrested cells
If the formation of pre-replicative complexes is the first
step and activation of Clb-Cdkl kinases the second step
in promoting replication, then re-activation of Clb-Cdkl
kinases in cells that had been induced to produce p40S IC 1
should be sufficient to trigger a second round of replica-
tion. To test this, SICI transcription was repressed 80
minutes after induction by transferring cells to medium
containing glucose, which caused re-activation of
Clb2-Cdkl and Clb5-Cdkl kinases (Fig. 4b). Transient
expression of SICI therefore allowed a transient inactiva-
tion of Clb-Cdkl kinases in nocodazole-arrested cells.
Re-activation of Clb-Cdkl kinases as a result of transfer
to glucose-containing medium caused a complete second
round of DNA replication in more than 90 % of the cells
(Fig. 4a). Furthermore, it caused origins to adopt a post-
replicative state (Fig. 5). The transient inhibition of Clb
kinases did not, however, allow mitosis to occur. Cells
contained a single undivided nucleus with 4N DNA
content at the end of the experiment (Fig. 4d). Control
cells lacking the GAL-SIC1 construct did not re-repli-
cate (Fig. 4a). Transient inactivation of Clb-Cdkl kinases
is therefore sufficient for re-replication in nocodazole-
arrested cells. A second round of transient inhibition of
Clb kinases by repeated induction and repression of SIC1
transcription in nocodazole-arrested cells caused a further
round of DNA replication, giving rise to cells with 8N
DNA content [31].
Continuous induction of SIC1 in galactose medium for
120 minutes failed to cause any re-replication [31]. The
transient nature of Clb-Cdkl kinase inactivation is there-
fore important for efficient re-replication. We noticed,
however, that continuous SIC1 induction for 180 min-
utes caused about one quarter of the cells to re-replicate
[31]. We presume that Clb-Cdkl kinases or factors that
promote p40SICI degradation eventually regain, at least
transiently, the upper hand. Such a phenomenon could
explain the re-replication of S. pombe cells that continu-
ously express high levels of the Ruml Cdk inhibitor [34].
Expression of SICI from the GALl promoter also
caused cells to form a new, second bud (Fig. 4c). We
Fig. 4. Transient inhibition of Clb-Cdkl kinases causes re-replica-
tion in nocodazole-arrested cells. A wild-type (K699) and a con-
genic strain carrying GAL-SICI (K5014) were grown to
exponential phase in YEPR at 30 °C. Nocodazole was added to
15 ptg ml-1 final concentration to arrest cells in G2/M phase. After
the arrest was complete (2.5 h), galactose (Gal) was added (2 %
final concentration) to induce expression of SICI (time 0 min).
After 80 min, cells were collected by filtration and resuspended in
YEPD + nocodazole (Glc), thus repressing SIC1 transcription.
Samples were taken every 20 min for 180 min. (a) DNA content
(b) Clb2-Cdkl and Clb5-Cdkl kinase activities in the GAL-SIC1
strain. After repression of SIC1 transcription, Clb2- and
Clb5-Cdkl kinases may have not become fully re-activated to ini-
tial levels due to contaminating p405oCl in the reaction assay,
coming from the small fraction of cells still containing high levels
of p40 s lcl. The abundance of HCS26 mRNA in the GAL-SIC1
strain was analysed by Northern blotting. The constitutively
expressed CMD1 mRNA [56] was used as an internal loading
control. The fraction of cells with two buds was determined (%
re-budding); at least 200 cells per sample were counted. Cellular
morphology samples were taken at time 140 min: (c) Nomarski
optics; (d) DNA staining with propidium iodide.
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therefore tested whether late-Gl-specific transcripts were
also induced. The mRNA level of HCS26, a gene
specifically expressed in late G1, was measured [35].
HCS26 transcript peaked around 80 minutes after SIC1
expression (Fig. 4b). Thus, transient inhibition of
Clb-Cdkl kinases causes nocodazole-arrested cells to
induce expression of late-Gl-specific transcripts, to re-
bud and to re-replicate.
Clb5- and Clb6-Cdkl kinases prevent re-replication in
clb -4ts cells
The previous experiment shows that Clb-Cdkl kinases
prevent re-replication in wild-type cells blocked in G2 or
M phase. The behaviour of sim mutants suggests that
Clb5- and Clb6-Cdkl kinases, in particular, perform the
same function during the G2 arrest of clbl-4ts mutants.
The notion that the same Clb-Cdkl kinases that nor-
mally promote S phase also block re-replication, presum-
ably by inhibiting the formation of pre-replicative
complexes, is an important issue (see Discussion). We
wished to test this more rigorously by analysing the
effects of transient SICI induction during the arrest of
cb l-41t mutants. We discovered, however, that the GALl
promoter does not function efficiently at 36 C, the
restrictive temperature for these and most other cdc
mutants. To achieve sufficient levels of SIC1 transcrip-
tion at 36 C, it was necessary to delete GAL80, a nega-
tive regulator of GALI expression [36]. Transient
expression of SICI in clbl-4t s gal80::LEU2 cells caused
about 70 % of the cells to undergo an extra round of
DNA replication (Fig. 6). Cells lacking the GAL-SIC1
construct did not re-replicate. These data suggest that the
controlled inactivation of Clb5- and Clb6-Cdkl kinases
is sufficient to induce re-replication in clbl-4ts-arrested
cells. Furthermore, simply by controlling SIC1 expres-
sion, we have been able to reproduce the behaviour of
sim mutants. Indeed, p40SICI has some role in the decline
of Clb5-Cdkl kinase in sim mutants, because their re-
replication was reduced, but not eliminated, by deletion
of the SICI gene (data not shown). We propose that the
Cdks which normally promote S phase also block re-
replication, even in the absence of mitotic Clb-Cdkl
kinases.
Discussion
Cell-cycle control of S phase
This paper concerns how cells ensure that S and M
phases alternate - that is, how cells prevent chromo-
some reduplication until sister chromatids have been sep-
arated at anaphase. It had been thought until recently that
S and M phases were triggered by very different types of
Cdk, and that the absence of S-phase-promoting kinases
and the presence of M-phase-promoting kinases during
G2 and M phases might be responsible for the lack of
DNA replication during these stages of the cell cycle.
However, recent work showing that both 'early' (such as
Clb5) and 'late' (such as Clb2) B-type cyclins in budding
yeast can trigger S phase in G1 cells is inconsistent with
Fig. 5. Inhibition of Clb-Cdkl kinases induces pre-replicative
complexes. A strain carrying GAL-SIC1 (K5014) was grown and
arrested with nocodazole as described in Fig. 4. After 0, 40, 80,
and 120 min of SICI induction by galactose, samples were with-
drawn for footprint analysis at the 2iL origin. In addition, a frac-
tion of cells was collected by filtration after 80 min of SIC1
expression and incubated in YEPD for another 100 min, which
caused re-replication. The ORC-induced DNAase I hypersensi-
tive site is indicated by an asterisk, and the region of additional
protection in G1 is indicated by the bracket. ACS refers to the 11
base-pair consensus sequence found in domain A within origins.
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Fig. 6. Transient inhibition of Clb5- and Clb6-Cdkl kinases
causes re-replication in clbl-4t s cells. A clbl-4ts gal80::LEU2
strain (K5673) and a congenic strain carrying five copies of
GAL-SIC1 (K5659) were grown to exponential phase in YEPD at
25 C and arrested for 135 min at 36 C, and samples were
taken. To induce SICI transcription, cells were collected by fil-
tration, washed with two volumes of prewarmed YEPR contain-
ing 2 % galactose (YEPRG), and resuspended in YEPRG. After
80 min incubation at 36 C, cells were again collected, resus-
pended in prewarmed YEPD to repress SIC1 transcription, and
incubated at 36 C for 60 min. The DNA content is shown
(200 = 2N).
this notion [18,19]. Budding yeast G2 cells, which will
not re-enter S phase until anaphase has been completed,
contain high levels of the very same cyclin B-Cdkl
kinases that are capable of promoting S phase in G1 cells
[18]. The different responses of G1 and G2 cells to S-
phase-promoting kinases is presumably caused by the
presence in G1 cells, but not in G2 cells, of substrates
whose phosphorylation leads to the initiation of DNA
replication.
One candidate for such as substrate is a pre-replicative
protein complex that is found at replication origins
during G1 but not during G2 [23]. The formation and
maintenance of pre-replicative complexes as cells exit
mitosis and enter G1 depends on the Cdc6 protein
which is necessary for the firing of origins (J.H. Cocker,
S. Piatti, C. Sautsconale, K.A.N. and J.F.X.D., unpub-
lished observations). This suggests that the initiation of
DNA replication involves two steps: the formation of
pre-replicative complexes containing Cdc6 at the end of
mitosis, and their subsequent conversion in late G1 to
active replication forks, triggered by activation of S-
phase-promoting Cdks such as Clb5-Cdkl. If this
model is correct, it becomes vital to understand how
cells regulate the assembly of pre-replicative complexes
so that they are never formed during S, G2 and M
phases.
Mutants that re-replicate during G2
We used a mutant screen to address the question of what
prevents the initiation of DNA replication in G2 cells, an
approach that did not require any prior assumptions
about mechanisms. The parental strain (clbl-4 rs ) lacked
genes for the G2-specific B-type cyclins Clbl, Clb3, and
Clb4, and carried a temperature-sensitive allele of CLB2.
G1 cells from this strain undergo a single round of DNA
replication at the restrictive temperature, as a result of the
activity of the remaining B-type cyclins Clb5 and Clb6,
but then fail to form mitotic spindles and arrest perma-
nently with a 2N DNA content in a G2-like state.
We first showed that the Clb5-Cdkl kinase remained
active during the clbl-4 s strain's G2 arrest, confirming
that their lack of re-replication was not due to the lack of
an S-phase-promoting Cdk. Then, using a novel screen,
we isolated 25 mutants in which around 35-50 % of the
cells underwent a second full round of DNA replication
in the absence of any nuclear division. The 23 recessive
mutations fell into three complementation groups, sim 1,
sim2 and sim3. All sim mutants had two additional pheno-
types - they produced elongated buds and formed a sec-
ond bud - both of which are characteristic of cells that
lack all six Clbs [18]. This prompted us to test whether
the sim mutations cause a decline in the activity of the
only known remaining B-type cyclins, Clb5 and Clb6.
We found that the Clb5-Cdkl kinase, which remains
active for many hours in the parental strain, declines
rapidly during the G2 arrest of both siml and sim2
mutants, and that increased CLB5 gene expression greatly
reduced the frequency of re-replication and re-budding.
We do not yet understand why the SIM genes are
required for the maintenance of Clb5 kinase activity in
the clb l-4t strain. Deletion of SIM1 does not alter CLB5
mRNA levels in a clbl
-
4ts strain [31], indicating that the
effect of Siml on Clb5 kinase is post-transcriptional.
SIM1 encodes a protein homologous to Nca3, which is
involved in the maturation of a mitochondrial transcript
[29], and to a putative protein encoded by the open read-
ing frame YKR042w. SIM2 is identical to SEC72, which
is important for an early step in secretion [30]. Sec72 pro-
tein is found in a complex with Sec62, Sec63 and Sec71;
mutations in SEC63 affect the localization of proteins to
the nucleus [37], raising the possibility that sim2/sec72
mutants might also be defective in nuclear localization.
Clb-Cdkl kinases have dual functions
We conclude from the behaviour of the sim mutants that
the Clb5-Cdkl kinase can act to prevent DNA replica-
tion during the G2 arrest of clbl-4t s cells. This is remark-
able, because the very same kinase is responsible for
promoting S phase in G1 cells [18]. This apparent
contradiction could be explained if the kinase had differ-
ent replication functions during G1 and G2 - promot-
ing replication in G1 but blocking it in G2. It seems
likely that all six B-type cyclins in yeast have dual replica-
tion functions, because each one can promote S phase,
and Clb5 and Clb6 are not needed for preventing S phase
clbl 4ts
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during G2 when Clbl-Clb4 are active. If the S-phase-
promoting function of Clb-Cdkl kinases during late G1
is to facilitate the conversion of pre-replicative complexes
into replication forks, then their inhibitory function
might be to prevent the de novo assembly of pre-replica-
tive complexes. Both processes could, in principle, be
performed by phosphorylation of the same components
of the pre-replicative complex, which could trigger initi-
ation and block re-assembly. Other data are consistent
with the notion that Clb-Cdkl kinases might block the
assembly of pre-replicative complexes. The kinetics of
pre-replicative complex formation as cells enter G1 fol-
lowing recovery from a late anaphase arrest are very simi-
lar, if not identical, to the kinetics with which the
Clb2-Cdkl kinase is destroyed during this key cell-cycle
transition [23,32]. A precedent for a protein having two
opposing functions in replication can be found during
the replication of bacteriophage X, in which XP protein
first facilitates the loading onto origins of the DnaB heli-
case, which is required for the initiation of replication.
Because XP inhibits DnaB activity, it must be removed in
order to allow origins to fire [38].
A key prediction of the hypothesis outlined above is that
inactivation of Clb-Cdkl kinases during G2 or M phase
should be sufficient to induce the formation of pre-
replicative complexes; furthermore, re-activation of these
kinases should be both necessary and sufficient to re-ini-
tiate DNA replication. To test this, we used the GALl
promoter to induce high rates of synthesis of the
Clb-Cdkl-specific inhibitor p40SIC' in cells arrested in
G2/M phase with nocodazole. This resulted in inactiva-
tion of the Clb2- and Clb5-Cdkl kinases, and probably
also all other Clb-Cdkl kinases, and caused the appear-
ance of pre-replicative complexes at the replication ori-
gin of the 2 plasmid. It also allowed cells to induce
transcription of late-G1-specific genes and to rebud, but
on its own it did not cause a second round of DNA
replication - this only occurred when expression of
p40 Si C ' was subsequently turned off and the Clb-Cdkl
kinases were re-activated. We think it likely that transient
inhibition of Clb-Cdkl kinases is responsible for the re-
replication caused by transient expression of SIC1, but
we cannot strictly exclude the possibility that p40s lCI
affects the activity of other proteins as well. Our data
suggest that cyclin B-Cdkl kinases are responsible for the
lack of pre-replicative complexes during G2 and M
phases, that pre-replicative complexes are a pre-condition
but not sufficient for replication, and that replication
cycles can be driven by a simple oscillation in the levels
of Clb-Cdkl kinase activities.
Several pieces of evidence suggest that S-phase-promoting
Clb5- and Clb6-Cdkl kinases, as well as mitotic
Clbl-Clb4-Cdkl kinases, block formation of pre-
replicative complexes and thereby prevent re-replication.
First, clbl-4ts mutants arrest permanently in G2 when
shifted to the restrictive temperature. Second, mutations
such as sim I and sim2, which cause a rapid decline in
Clb5-Cdkl activity, cause clbl-4ts mutants to embark on
another round of DNA replication. Third, and most
important, transient inactivation of Clb5- and Clb6-
Cdkl kinases by induction of high levels of p40SICl syn-
thesis also causes re-replication. We were unable to deter-
mine directly whether the 2,. origin lacks pre-replicative
complexes during the clbl-4't mutant arrest: two inde-
pendently created clbl-4 ts strains were found to lack 2.
DNA, and we are therefore currently trying to analyse the
state of chromosomal origins.
Re-replication in the absence of nuclear division has
been observed in several other situations: in S. pombe
cdc2t mutants after heat treatment [27]; in S. pombe
mutants that either lack the B-type cyclin gene cdc13 [28]
or over-express rum 1 [34]; in Drosophila cyclin A mutants
[39]; during meiosis II in Xenopus oocytes when c-mos
has been inactivated [40]; in ts41 mutant mammalian cell
lines [41]; in cultured fibroblasts from p53-deficient
mouse embryos when exposed to spindle inhibitors [42];
and in rat fibroblasts treated with the protein kinase
inhibitor K-252a [43]. Furthermore, endoreduplication
cycles occur naturally in many animal and plant cell
types. Whether or not all instances of re-replication
involve the unscheduled formation of pre-replicative
complexes during G2 remains to be seen. Unlike our
experiment with GAL-SIC1, it is unclear in these cases
whether (and how) the re-replication conditions affect
the activity of S-phase-promoting Cdks. It is interesting
to note in this regard that expression of cyclin E, which is
required for progression through S phase, is restricted to
transient pulses during endoreduplication cycles in
Drosophila [39,44]. The absence of cyclin E expression in
the periodic gaps between consecutive S phases might be
of relevance for endoreduplication cycles.
According to the 'dual function' hypothesis for the role
of Clb-Cdks in replication, sim mutations permit re-
replication in the clbl-4ts strain because they cause a
decline in Clb5- and Clb6-Cdkl kinases, triggering the
formation of pre-replicative complexes (although how
efficiently is not known). The hypothesis has, admittedly,
difficulties in explaining how Clb5-Cdkl kinase can
both decline sufficiently in sim mutants to allow pre-
replicative complex formation and be sufficiently active
later on to trigger these pre-replicative complexes to
become replication forks. There are several possible
explanations. The kinase decline in the mutants might
lead, via re-activation of late-G1-specific transcription,
to a transient increase in Clb5 kinase activity which we
failed to detect. Alternatively, more Clb5 kinase may be
required to prevent the formation of pre-replicative
complexes than is needed to trigger initiation. It may be
significant that, despite having screened a large number
of mutagenized colonies and isolated 21 alleles of siml1,
we did not obtain any mutants that underwent more
than one round of re-replication - perhaps reflecting
the difficulty of altering yeast to permit both the forma-
tion of pre-replicative complexes and the initiation of
DNA replication. This issue is not a particularly serious
one for the hypothesis, however, because we have
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Fig. 7. Model of replication control. (a) The initiation of DNA
replication involves two steps: formation of pre-replicative com-
plexes containing Cdc6 and possibly other proteins (denoted X)
as cells exit from mitosis, followed by the activation of S-phase-
promoting Cdks, which leads to the formation of active replica-
tion forks. Firing causes origins to adopt a post-replicative state
which is inactive for origin firing. (b) Cdk activity, present from
late G1 until anaphase (A), prevents the de novo formation of
pre-replicative complexes. Inactivation of Cdks at anaphase thus
allows the formation of pre-replicative complexes, which is a
prerequisite for the next round of DNA replication.
demonstrated that constitutive SIC1 expression also
causes re-replication but is much less efficient than a
transient induction.
The replication cycle in yeast
The conclusion that Clb-Cdkl kinases both promote the
transition of pre-replicative complexes into replication
forks and prevent their de novo assembly leads to the fol-
lowing picture of the replication cycle (Fig. 7). Yeast has
six B-type cyclins which, as a result of transcriptional
controls, are synthesized during different phases of the
cell cycle: Clb5 and Clb6 during late G1, Clb3 and Clb4
during S, and Clbl and Clb2 during G2 [3]. All six
Clb-Cdkl kinases remain active throughout G2 and M
phases, and any one is probably sufficient at this stage of
the cell cycle to prevent formation of pre-replicative
complexes. Assembly of pre-replicative complexes
requires de novo synthesis of Cdc6 and inactivation of all
six Clb kinases. Cdc6 synthesis is transcriptionally con-
trolled and is produced predominantly in two bursts: at
the end of mitosis and in late G1 [45]. Clb kinases are
destroyed during anaphase by activation of cyclin pro-
teolysis (and possibly also by accumulation of p40SICl),
and this, because of the simultaneous synthesis of Cdc6,
leads to the formation of pre-replicative complexes. This
then is the first step towards initiation.
The second step is triggered in late G1 by the transcrip-
tional activation of CLB genes, the shutting off of Clb
proteolysis, and the destruction of p40SICl, which together
contribute to re-activation of Clb-Cdkl kinases and
thereby trigger the transition of pre-replicative complexes
into replication forks and create a cellular milieu that is
hostile to the formation of pre-replicative complexes. The
dual function of Clb-Cdkl kinases suggests that there may
be no stage during the cell cycle at which pre-replicative
complexes can both be assembled and be transformed into
replication forks, because the very same kinase that triggers
DNA replication also prevents the assembly of pre-replica-
tive complexes. Thus, activation of a single protein kinase
with dual functions could be responsible for preventing the
firing of origins more than once during the cell cycle.
Accordingly, it should not be possible to form pre-replica-
tive complexes anywhere in the genome once Clb-Cdkl
kinases have been activated, assuming that this is a global
property of the nucleus and not a series of local events. If
this model is correct, the time at which origins fire might
be determined by the time taken for Cdks to trigger the
transformation of pre-replicative complexes into replica-
tion forks; this suggests that late-replicating origins might
simply be ones that are hard to fire.
Our model of the replication cycle has certain similarities
with the concept of licensing factor proposed to explain
the control of replication in Xenopus extracts [46]. There
is, however, at least one important difference. Licensing
factor, which could be considered analogous to the pre-
replicative complex, has been proposed to gain access to
origins during mitosis when cyclin B-Cdkl kinases are
highly active.
The key to the replication cycle is clearly the system of
controls that lead to an oscillation in the activity of
Clb-Cdkl kinases. Their inactivation, which is a pre-
condition for the formation of pre-replicative complexes,
is just as important for driving the cell cycle as their acti-
vation. S phase can occur only in cells which produce
pre-replicative complex components during a period
when S-phase- (and M-phase-) promoting Cdks have
been inactive. Consistent with this, we have shown in a
separate study that the ability of Cdc6 to drive the assem-
bly of pre-replicative complexes depends on the absence
of S-phase-promoting Cdk activities (S. Piatti, T. B6hm,
J.H. Cocker, J.E.X.D. and K.A.N., unpublished observa-
tions). In higher eukaryotes, the kinases that trigger M
phase may not be capable of triggering S phase, but they
may nevertheless have retained the ability to prevent the
assembly of pre-replicative complexes. Thus, through the
successive activation of Cdkl and Cdk2 by cyclins E, A
and B, mammalian cells might also maintain an environ-
ment hostile to the assembly of pre-replicative complexes
from the beginning of S phase until the end of M phase.
According to this pre-replicative complex/Cdk replica-
tion cycle model, the lack of replication during G2 and
G1 stems from very different causes. G1 cells contain
pre-replicative complexes but fail to replicate because
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they have not activated Cdks, whereas G2 cells have
active Cdks but lack pre-replicative complexes. The
model also explains the very different effects of activating
'mitotic' Cdks in Gl-arrested S. pombe and S. cerevisiae
cells: it induces replication in S. cerevisiae cells deprived of
Clns but fails to do so in S. pombe cdc10 mutants [19,28].
CdclO is needed for the synthesis of Cdc18, which is
homologous to Cdc6 from S. cerevisiae [47] and might
therefore be necessary for the formation of pre-replicative
complexes. The presence of pre-replicative complexes in
cln-arrested S. cerevisiae cells and their absence in S. pomrnbe
cdc10 mutants would explain their different responses.
Primordial cell cycles
In organisms such as S. cerevisiae, in which mitosis does
not entail extensive chromosome condensation, entry
into mitosis and DNA replication could co-exist. In the
primordial eukaryotic cell, activation of a single 'dual
function' Cdk might have triggered simultaneously the
transformation of pre-replicative complexes into replica-
tion forks (S phase) and the attachment of chromosomes
to mitotic spindles (M phase). Subsequent inactivation of
this same Cdk could have signalled both the assembly of
pre-replicative complexes and exit from mitosis.
Dependence of S phase on the preceding anaphase
The hypothesis that mitotic Cdks prevent pre-replicative
complex assembly also explains why sister chromatid sep-
aration always precedes a second round of DNA replica-
tion. S-phase-promoting Cdks decline during G2;
G2-specific Cdks such as cychn A-Cdkl decline during
metaphase; but the destruction of the last remaining Cdks
capable of inhibiting the assembly of pre-replicative com-
plexes does not occur until mitosis-specific Cdks such as
cyclin B-Cdkl are inactivated as a result of cycin B pro-
teolysis at anaphase. The latter may be part of a more gen-
eral programme of protein degradation which is essential
for anaphase [48,49]. Thus, cells cannot begin to assemble
pre-replicative complexes (a pre-condition for chromo-
some duplication) until they have initiated anaphase.
Conclusions
We conclude that the Clb5-Cdkl kinase which promotes
S phase in G1 cells also prevents re-replication in G2
cells. The dual function of Clb-Cdkl kinases led us to
propose a model that can explain both the dependency of
DNA replication upon exit from mitosis and why origins,
although firing early or late during S phase, can fire only
once during the cell cycle. Finally, we present evidence
that Clb-Cdkl kinases prevent re-replication by inhibit-
ing the de novo formation of pre-replicative complexes.
Materials and methods
Strains and media
All yeast strains were derivatives of W303 (HMLa, HMRa, ho
ade2-1 trpl-1 canl-100 leu2-3,112 his3-11,15 ura3 ssdl). Cells
were grown in YEP medium (1 % yeast extract, 2 % bactopep-
tone, 50 mg 171 adenine) supplemented with 2 % glucose (YEPD),
raffinose (YEPR), or ultra-pure galactose (YEPG). YEPD-
BrdU is YEPD containing 200 ,ag mn-1 bromodeoxyuridine.
Plasmid and strain constructions
For integrating the GPD-Tk construct: a 2.9 kb SalI-Spel fragment
of plasmid pAFS7 (A. Straight and A.W. Murray, unpublished)
was cloned into the Sall and BamHI sites of the URA3-based
vector pJJ242 [50]. About seven copies of the resulting plasmid
(C3121), linearized with StuI, were integrated at the URA3
locus of strain K3080 (MATa, cbl-4v; [26]) yielding strain
K5409.
For disruption ofSIM1: a 1.3 kb sequence immediately upstream
of the start codon and a 0.55 kb sequence immediately down-
stream of the stop codon were amplified using the polymerase
chain reaction (PCR). Both sequences carried an artificially
introduced BamHI site proximal to either the start or the stop
codon. The fragments were cut with BamHI and cloned into
the EcoRI and HindIII sites of pUC18 by triple ligation. At the
BamHI site, the LEU2 gene was inserted. The resulting plas-
mid (C3123) was digested with PstI and used to transform
strain K3080 to Leu+.
For disruption of SIM2: a 1.15 kb DNA sequence containing the
SIM2 open reading frame was amplified by PCR and cloned
into the bluescript pKS + vector. A 0.3 kb HinDIII fragment
internal to SIM2 was then replaced by the LEU2 gene. The
resulting plasmid (C3122) was then digested with PvuII and
used to transform strain K3080 to Leu+.
The YEp-CLB5 plasmid (C2883) was constructed by inserting a
5.0 kb EcoRV-XbaI fragment carrying CLB5 into YEplacl81
[51].
To construct the clbl-4 t' GAL-CLB5 strain (K5674): a 0.7 kb
EcoRI-BamHI GAL1-10 fragment was cloned in front of the
2.2 kb HinDIII fragment of CLB5 in YIplac 211 [51]. The
resulting plasmid (c2671) was linearized with EcoRV and used
to transform strain K3080 26] to Ura+ .
For construction of the GAL-SIC1 strain (K5014): an artificial
XbaI site was introduced 24 nucleotides upstream of the start
codon of SICI by PCR. The fragment was cloned at the XbaI
site in front of the GALl promoter in Ylplac211 [51]. After
linearization with EcoRV, the construct was integrated at the
URA3 locus (5 copies).
For disruption of GAL80: plasmid pTT804 [36] was digested
with HinDIII and used to transform yeast to Leu +.
Homozygous diploid clbl-4t' strains are unable to sporulate ([52]
and C.D., unpublished observations). The ability to sporulate
was restored by transforming such strains with a CEN URA3-
based plasmid (C3245) carrying a 3.6 kb BamHI-PstI CLBI
fragment. After sporulation, cells were selected for the absence
of the plasmid by growth on 5-fluoroorotic acid [53].
BrdU filter assay
Cells were replica-plated onto a nitrocellulose filter (Schleicher
and Schuell). The filters were transferred subsequently to filter
paper soaked with different solutions: first, 1 M sorbitol,
20 mM EDTA (pH 8.0), 50 mM DTT for 15 min; second,
1 M sorbitol, 20 mM EDTA, 1 mgml-T zymolyase 20T
overnight at 37 C; third, 6N HC1 for 10 min; fourth, 90 mM
Tris borate, 2 mM EDTA (pH8.0), 0.15 M sodium citrate,
1.5 M NaCI twice for 5 min; fifth, 30 mM sodium citrate,
0.3 M NaCl (2 x SSC) for 5 min. Filters were dried briefly on
a filter paper and then baked for 1 h at 80 °C in a vacuum
oven. For the detection of BrdU, filters were rinsed twice in
2 x SSC and then blocked in 20 mM Tris (pH 7.6), 137 mM
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NaCl, 0.1 % Tween-20 (TBST) plus 4 % milk. Filters were
incubated in anti-BrdU antibody (Becton-Dickinson) diluted
1:500 in TBST plus 2 % milk. Filters were then washed with
TBST plus 4 % milk. The secondary antibody, rabbit anti-
mouse coupled to HRP (Amersham), was diluted 1:1000 in
TBST plus 2 % milk. The filters were washed as above and the
BrdU detected by an enhanced chemiluminescence system
(Amersham) according to the manufacturer's instructions.
Isolation of mutants
Strain K5410 (MATa clbl-4s GPD-Tk rho° ) was mutagenized
using ethylmethanesulfonate, resulting in a survival rate of
about 30 %. About 300 000 mutagenized cells were grown at
23 C to colonies on YEPD plates. Cells were then replica-
plated in duplicate onto nitrocellulose filters (Schleicher and
Schuell) which were placed on prewarmed YEPD plates. Cells
were incubated for 5 h at 37 C and the filters were then trans-
ferred to prewarmed YEPD-BrdU plates and incubated for
another 4 h at 37 C. The BrdU was detected using the BrdU
filter assay. Colonies (592) which were positive for BrdU on
both filters were picked and tested for their ability to suppress
the growth defect of K5410 at 37 C; 147 mutants formed
colonies at 37 C and were therefore excluded from further
analysis. The remaining mutants were once again subjected to
the BrdU screen; 312 were positive for BrdU incorporation.
To analyse the DNA content of these mutants, cultures were
grown to exponential phase in YEPD at 23 C and then shifted
to 37 C. After 8 h, samples were taken and the DNA content
measured by flow cytometry. Mutant strains in which more
than 30 % of the cells had 4N DNA content were further
analyzed.
CloningofSIM1 andSIM2
For cloning SIMI, strain K5411 (MATa, siml-433, clbl-4 rs,
rho° ) was transformed with a genomic library based on the
vector YCplacl 1 [51]. Inserts were derived from strain K4057
(MATa, cdbl-4 s cdb5::GAL-CLB5/URA3 clb6::LEU2 [18]).
Transformants were plated on YEPD and incubated for
12-14 h at 25 C. Plates were then shifted to 37 °C for 4 h.
Colonies were microscopically examined and those which
contained cells with short buds (like the parental strain) were
transferred to a blank spot on the plate using a dissection nee-
dle. Plates were shifted back to 25 C and the selected clones
were recovered. Out of about 80 000 transformants screened,
one transformant was identified which harboured a plasmid
capable of complementing the re-budding and re-replication
phenotype of strain K5411. The cloned locus was marked with
the LEU2 gene and introduced into the genome of the
parental cbl
- 4
t strain. The resulting strain was crossed to the
siml-433 clbl1-45s mutant. All 20 tetrads derived from this cross
were parental ditypes, indicating that the cloned locus was
tightly linked to siml-433. SIM1 corresponds to the open
reading frame Y8277.06 (GenBank accession number
z46833).
In 11 tetrads derived from a cross between K4805 (MATa,
sim2-286 cb 1-45, rho°) and the parental clbl-4s strain, the re-
budding phenotype and the growth defect co-segregated,
showing that both phenotypes were tightly linked. SIM2 was
cloned by complementation of this growth defect using the
genomic library described above. The cloned locus was marked
with the LEU2 gene and introduced into the genome of the
parental cb 1-4t s strain. The resulting strain was crossed to the
sim2-286 clbl-45s mutant. All 17 tetrads derived from this cross
were parental ditypes, indicating that the cloned locus was
tightly linked to sim2-286.
Other techniques
Histone H kinase assays were performed as described by
Surana et al. [32]. Kinase activities were quantitated using a
Molecular Dynamics Phosphorlmager. The methods described
by Cross and Tinkelenberg [54] and Price et al. [55] were used
for RNA isolation and northern-blot analysis, respectively.
Flow cytometric DNA quantitation was determined according
to Epstein and Cross [15] on a FACScan (Becton and Dickin-
son) using CellQuest software. Genomnic footprinting was as
described by Diffley et al. [23].
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